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Part of the appeal of the present
study is its methodological simplicity.
Lesion studies are often thought not
to be informative about processing
mechanisms; in other words they are
often thought to answer the question
‘‘What does this area do?’’ rather
than the (harder) question of ‘‘How
does it do it?’’ But in using a well-
studied behavioral paradigm for test-
ing discrimination learning in rodents
and straightforward neurotoxic lesion
methods, the authors have tested
(and validated) a counterintuitive hy-
pothesis formulated on the basis of
neurophysiological observations in
the same behavioral setting. This vali-
dation is very strong because the le-
sion method establishes causality,
rather than simply correlation. This
discovery did not require elaborate
neurobiological techniques, and re-
calls the thoughts of von Bonin (1960)
on then-new neurophysiological
methods: ‘‘Much of this is all to the
good, but the older approach should
not be completely forgotten when
one gets dazzled by the modern treat-
ment of the subject.’’ Stalnaker et al.
have shown that the lesion method
can still dazzle, and has much to
contribute in terms of elucidating the
neural mechanisms of cognition.
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Salt sensing is essential for maintaining sodium and water balance. Shimizu et al. in this issue of
Neuron provide evidence that subfornical organ astrocytes act as ‘‘salt sensors’’ and, using lactate
as a signal, control the activity of local neurons that initiate neural, hormonal, and behavioral
responses underlying sodium homeostasis.Neuron 54, April 5, 2007 ª2007 Elsevier Inc. 3Sodium (Na) is essential for fundamen-
tal processes common to all life forms
(Skott, 2003). Because salt is scarce
onour planet, terrestrial creatures have
developed very effective systems for
Na conservation. However, excessive
Naaccumulation is detrimental, and in-
creases in plasma Na above a narrow
range are incompatible with life, lead-
ing to cerebral edema, seizures, and
death. Consequently, Na homeostasis
is carefully regulated by an array of in-
tegrated neural, visceral, and humoral
networks that control salt intake and
excretion (Skott, 2003). Key elements
in thesenetworks are ‘‘salt sensors’’ lo-
cated in the circumventricular organs(CVOs), small neural structures sur-
rounding the cerebral ventricles (Fig-
ure 1; Johnson and Gross, 1993). Be-
ing devoid of compartmental barriers
present inotherbrain regions, theCVOs
are accessible to chemicals present in
plasma and cerebrospinal fluid (CSF).
Na elevations in plasma or CSF modu-
late the activity of CVOneurons, which,
through their extensive brain projec-
tions, generate neurohumoral and be-
havioral responses aimed at lowering
the body’s Na, e.g., avoidance of die-
tary salt and increase Na excretion
(JohnsonandGross,1993;Skott,2003).
The inner workings of this vital salt-
sensing system have proven difficultto untangle, but in this issue ofNeuron,
Shimizu et al. (2007) provide important
insights into the underlying cellular
mechanisms. Theseauthors found that
astrocytes in the subfornical organ
(SFO), one of the CVOs, are capable of
sensing extracellular Na and, using
lactate as a signal, modulate the activ-
ity of local neurons (Figure 1). In turn,
SFO neurons initiate, through their ef-
ferent projections, the autonomic and
behavioral responses responsible for
Na lowering.
The existence of salt sensors in
CVOs was postulated long ago, but
until recently little progress was made
toward their identification (Noda,
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PreviewsFigure 1. A Glial-to-Neuronal Lactate Signal for Brain Salt Sensing in the Subfornical
Organ2006). An important advance came
with the discovery of an atypical Na
channel (Nax) present in SFO astro-
cytes whose deletion in null mice
resulted in dysregulation of Na homeo-
stasis (Watanabe et al., 2000). How-
ever, it remained unclear how these
astrocytic channels detected extracel-
lular Na and conveyed this information
to SFO neurons. Shimizu et al. (2007)
set out to elucidate these mechanisms
and, using a yeast two-hybrid screen
with the cytoplasmic domain of the
channel as bait, found that Nax inter-
acts specifically with the a1 and a2
subunits of Na/K-ATPase. Functional
studies in C6 glioma cells expressing
Nax provided evidence that increases
in extracellular Na above physiological
levels activate Na/K-ATPase, reflected
by an increase in glucose uptake that
could be inhibited by the Na/K-ATPase
blocker ouabain. In SFO slices, eleva-
tions in extracellular Na increased glu-
cose uptake in wild-type mice, but not
in Nax null mice, attesting to the key
role of Nax in the metabolic response
to Na. The Na-induced enhancement
of glucose uptake was associated with
increased lactate production in wild-
type mice, but not in Nax nulls. In turn,
lactate was found to increase the firing
rate of local GABAergic neurons, an4 Neuron 54, April 5, 2007 ª2007 Elseveffect attenuated by inhibition of the
monocarboxylic acid transporter (MCT)
that carries lactate into neurons.
Therefore, astrocytes, through their
Na/K-ATPase-coupled Nax channels,
act as Na sensors and modulate the
activity of adjacent GABAergic neu-
rons using lactate as a signal (Figure 1).
GABAergic neurons, in turn, regulate
the activity of SFO efferent neurons
connected with brain centers control-
ling Na homeostasis.
Astrocytes, believed until recently to
be housekeeping cells, are emerging
as key players in normal brain function
and in disease. Astrocytes release and
take up neurotransmitters and regu-
late neuronal excitability, energy me-
tabolism, and cerebral blood supply
(Haydon and Carmignoto, 2006). In
disease states, astrocytes have been
implicated in the pathogenesis of
seizures, neurodegeneration, and is-
chemic brain injury (Nedergaard and
Dirnagl, 2005). The discovery by Shi-
mizu et al. (2007) that astrocytes set
the firing rate of local neurons in a
Na-dependentmannerhighlightsanew
aspect of the interaction between neu-
rons and glia: astrocytes can directly
control neuronal activity and initiate
complex autonomic and behavioral re-
sponses involving the brain and multi-ier Inc.ple organs. Clearly, this is a situation
in which astrocytes take charge over
neurons.
There are other instances in which
astrocytes use lactate to communi-
cate with neurons. For example, lac-
tate has been implicated in the sensing
of synaptic activity by astrocytes. Syn-
aptic activity increases the concentra-
tion of glutamate in the extracellular
space. Glutamate is taken up by astro-
cytes through glutamate transporters,
converted into glutamine, and re-
turned to neurons for recycling into
glutamate (Pellerin and Magistretti,
2004). Glutamate uptake into astro-
cytes is coupled to Na entry, which
leads to Na/K-ATPase activation and
production of lactate. Lactate is re-
leased from the astrocytes and is
oxidized by neurons for ATP genera-
tion (Pellerin and Magistretti, 2004). In
this case, astrocytes sense synaptic
activity and generate lactate as a
metabolic signal, which is then used
by neurons as fuel. Lactate is likely to
be oxidized by SFO neurons as well
and, as suggested by Shimizu et al.
(2007), could generate ATP to support
the increased energy demands im-
posed by the neurons’ increased firing
rate.
In addition, in the ventromedial hy-
pothalamus astrocytes use lactate to
inform neurons of changes in extracel-
lular glucose concentration. Hypotha-
lamic astrocytes, but not neurons,
respond to increased extracellular
glucose with an increase in glycolytic
ATP, resulting in formation of lactate.
Lactate enters nearby neurons through
theMCT and increases neuronal activ-
ity. Indeed, the MCT has been local-
ized to glucose-sensing neurons of the
ventromedial hypothalamus, and lac-
tate has been shown to increase firing
of these neurons (Burdakov et al.,
2005; Song and Routh, 2005). There-
fore, the ability of astrocytes to influ-
ence neural activity using lactate as
a signal is not unique to salt-sensing
astrocytes in SFO. Nevertheless, the
structural and functional coupling
between Nax and Na/K-ATPase
described by Shimizu et al. (2007) is
a unique feature of astrocytes in SFO.
How does lactate influence neuronal
activity? Studies in glucose-sensing
Neuron
Previewsnuclei of the hypothalamus have sug-
gested that the increase in ATP result-
ing from oxidative metabolism of glial
lactate leads to closing of neuronal
ATP-sensitive K+ channels (KATP)
which, in turn, leads to depolarization
and increased neuronal firing (Burda-
kov et al., 2005). Experiments in mice
lacking the Kir6.2 subunit of KATP
channels have supported the involve-
ment of these channels in glucose
sensing in ventral hypothalamic neu-
rons, but not in the arcuate nucleus
(Burdakov et al., 2005). It remains to
be established whether KATP channels
contribute to the lactate-induced acti-
vation of SFO neurons. Although the
findings of Shimizu et al. (2007) with
the KATP channel opener diazoxide
support the involvement of KATP chan-
nels also in SFO, more direct evidence
is needed. Considering the emerging
role of lactate in the crosstalk between
neurons and astrocytes, its effect on
neuronal activity is clearly an important
area for future studies.
Salt sensing is not the sole mecha-
nism through which Na homeostasis
is regulated. Osmoreceptors, also lo-
cated in the SFO and other CVOs, con-
trol water balance and salt appetite
and play a major role in regulating ex-
tracellular Na levels (Skott, 2003). Fur-
thermore, the SFO receives input from
other brain regions involved in osmotic
regulation and salt balance and from
visceral receptor from the gut and kid-
ney (Skott, 2003). Thus, salt excess or
depletion generates central and pe-
ripheral signals that converge on the
SFO and other CVOs, where this in-coming information is integrated with
that from local Na sensors and osmor-
eceptors. This process results in
well-coordinated neural, humoral, and
behavioral responses directed at rees-
tablishing Na and water homeostasis
and mediated by the efferent projec-
tions of the SFO.
The renin-angiotensin system also
plays a major role in volume regulation
and salt balance in SFO. The octapep-
tide angiotensin II (AngII) is heavily
expressed in SFO neurons, and its
plasma levels increase drastically with
dehydration (Davisson, 2003; Fitzsi-
mons, 1998; Skott, 2003). Circulating
AngII gains access to the SFO and
other CVOs and triggers powerful
cardiovascular, autonomic, and be-
havioral responses (Davisson, 2003).
Elegant gene-transfer studies have
demonstrated that free radical pro-
duction in SFO by AngII-induced acti-
vation of the enzyme NADPH oxidase
plays a key role in the expression of the
effects of this peptide on arterial pres-
sure andwater intake (Davisson, 2003).
The interaction between AngII, osmor-
eception, and salt-sensing mecha-
nisms in SFO is another area of study
that needs to be explored further.
Considering the vital importance of
Na and fluid balance in all aspects of
cellular function, it is not surprising that
multiple redundant systems work in
concert to maintain Na homeostasis.
Notably, the SFO represents a point
of convergence of these networks
and is essential in the initiation of the
autonomic responses needed tomain-
tain Na and water balance. AlthoughNeuroits role in the hierarchy of mechanisms
controlling Na homeostasis is not
completely understood, Nax-depen-
dent salt-sensing in SFO is a key com-
ponent of this complex system. In this
context, the findings of Shimizu et al.
(2007) represent a major step forward
in the understanding of a process that
is essential for survival on our salt-
limited planet.
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